There appears to be an orderly transition from one photosensitive state to another in light-controlled stem elongation in the garden pea, Pisum sativum L. cv. Alaska. Stem elongation in dark-grown plants is known to be phytochrome-controlled. However, seedlings are insensitive to phytochrome af-
room and then pretreated with 12 hr red light (100 Muw/cm2) and 12 hr darkness. (c) Light-grown peas were grown for 7 days in a Percival PGC-7 growth chamber at 25 + 1 C under white fluorescent light of about 2500 ,uw/cm2.
A 15-w red Champion fluorescent tube (100 uw/cm2) was used to give the red light pretreatments. The blue, blue-green, green, yellow, orange, and red light sources were obtained using various combinations of cellulose acetate filters from Edmund Scientific Co., Barrington, New Jersey ( Table 1 ). The distance between the level of the pea seedlings and one of these filter combinations was adjusted to ensure that all seedlings received a total dose of 9.3 X 1018 photons/cm2 over the 12-hr experimental period. Far red light was obtained from a 200-w incandescent light source filtered through a Corning glass far red filter (No. 2600) giving 170 Miw/cm2 over a wavelength range of 700 to 800 nm at the level of the peas. Light of greater purity was obtained by filtering the light from a 500-w incandescent Westinghouse projector bulb through Bausch and Lomb interference filters combined with Corning colored glass filters to block the unwanted transmission orders.
Stem elongation in dark-grown peas is controlled by the phytochrome system (10) . Dark-grown seedlings exposed to red light soon lose phytochrome sensitivity (9) , although they are still fully capable of responding to white light (3) . The present study indicates that the photosystem controlling stem elongation is dependent upon the light conditions under which the plants are grown. The characteristics of photosystems controlling stem elongation when the phytochrome system exerts little control were determined and the nature of the transitions from a state controlled by phytochrome to states controlled by other photosystems was studied. There appears to be an orderly transition from one photosensitive state to another in the development of the stem.
MATERIALS AND METHODS
Six-or seven-day-old seedlings of Pisum sativum L. cv.
Alaska (Asgrow Seed Co., New Haven, Conn.) were used throughout these experiments. The methods of planting seeds and measuring growth increments have already been described (3).
The seedlings used for experimentation were grown under three different light regimes: (a) dark-grown seedlings were raised in a darkroom at 25 ± 3 C for 6 or 7 days. (b) Red light pretreated seedlings were grown for 5 or 6 days in a dark-'This Research was supported by Grant GB-7043 from the National Science Foundation. 
RESULTS
Red Light-insensitive State. Etiolated Alaska pea seedlings exposed to red light are subsequently insensitive to low intensity red light, but are still sensitive to white fluorescent light (3). An action spectrum for inhibition of stem elongation was determined for R-insensitive3 seedlings (Fig. 1) . The values for 10% inhibition in Figure 1 were obtained from dose-response curves at wavelengths between 420 and 700 nm at 20 nm intervals. These curves were linear and parallel to one another. The action spectrum shows a major peak at 440 nm and a second peak at 620 nm, while the green and far red regions of the spectrum appear relatively ineffective. In an experiment testing the effectiveness of white fluorescent light filtered through various combinations of cellulose acetate filters (Table I) , the blue and orange regions of the spectrum were again most effective.
When R-insensitive plants were placed in darkness after receiving 2, 4, or 6 hr of continuous orange or blue light, release from inhibition always occurred after a lag of about 2 hr (Fig. 2, a and b) . Because release of inhibition from both blue and orange light required a similar time period, this indicates the two peaks of the action spectrum represent absorption by a single photoreceptor (15) . (Table I) . At the times indicated by the arrows (2, 4, or 6 hr), a group of peas was removed from the blue foil did not prevent blue light inhibition, but covering the stem resulted in increased elongation in blue light that approached the dark control value (Table II) . Clearly, the photoreceptor for inhibition is located in the stem ( Fig. 3 and Table II) .
Blue-Green Light-promoted State. In the next series of experiments, the R-insensitive seedlings were further pretreated with white fluorescent light (12 hr red and 12 hr white light). The white light pretreatment had two significant effects on the subsequent response of the seedlings. (a) Blue and blue-green light now actually promote stem elongation compared to the dark control, with blue-green about twice as effective as blue (Table IIIB) . (b) Seedlings in the BG-promoted state are no longer capable of elongation in darkness. A 2 hr white light pretreatment, for example, resulted in a 4-fold decrease in elongation in darkness (Fig. 4) . Possibly, exposure to white light at this stage completes the development of the third internode (14) .
We attempted to determine whether a single wavelength of light might substitute for the white pretreatment in producing the BG-promoted state. Plants were pretreated with 12 hr red light, then with 12 hr of each of six wavelengths of light (Table I) , and growth was measured after an additional 12 hr in darkness. However, none of the wavelengths tested substituted for the white light pretreatment (Table III) .
White Light-grown State. The final series of experiments employed white light-grown rather than dark-grown seedlings. As Figure 5 indicates, relatively low intensities of white light inhibit elongation. The extent of inhibition increases with intensity from 0 to 600 ft-c, and the slope of the curve at low intensities is somewhat greater than at higher.
The effects of the six filter combinations described in Table  I were tested to determine the wavelength of light that would substitute for the low intensity white light. No single quality of light produced any significant inhibition as compared to the dark control (Table IIIC) . Far red light was also tested but found to promote elongation slightly through the phytochrome system (3). Since no single wavelength of light inhibited, two might be necessary. Preliminary experiments with cellulose acetate filter combinations indicated that blue and yellow light given together inhibited elongation. Therefore, light-grown plants were exposed simultaneously to blue light from above (to avoid phototrophic effects) and various wavelengths of monochromatic light from the side (the monochromatic light source is that used in Figure 1 ; the blue source is described in Table I ). As expected, light from the far red regions of the spectrum promoted elongation slightly. The only wavelength which in combination with blue light resulted in significant inhibition was 600 nm (Table IV) . The inhibition at 600 nm varied linearly with the photon dose.
DISCUSSION
There are apparently four photosensitive states controlling stem elongation: (a) the etiolated state, (b) the R-insensitive state, (c) the BG-promoted state, and (d) the W-grown state.
The transition from one state to another appears to be lightmediated (Fig. 6) . A possible role that multiple photosensitive states might play in normal plant development has been discussed elsewhere (2) . Each photosensitive state and the transition between them will be discussed in turn (Fig. 6) Elongation of a 5-mm marked section was measured after a 12-hr growth period. Plants were exposed to blue (B), blue-green (BG), green (G), yellow (Y), orange (0) or red (R) light for 12 hr either as a pretreatment or during a 12-hr period after which growth was measured. W and D refer to white light and dark controls. Each colored light source was adjusted to give a total dose of 9.3 X 1018 photon/cm2 over the 12-hr period (Table I) etiolated state and the transition to the R-insensitive state have already been described (3, 10) .
There is evidence that protochlorophyll controls stem elongation in the R-insensitive state. The action spectrum for stem inhibition closely resembles the absorption spectrum of protochlorophyll. Each has a major peak around 440 nm and the action peak at 620 nm is near the absorption peak at 639 nm for protochlorophyll (1). Godnev et al. (6) have found forms of protochlorophyll with an absorption peak around 620 nm.
Screening by carotenoids may cause the blue peaks of the action and absorption spectra to differ in relative size. In normal corn, for example, the blue peak of the action spectrum for the conversion of protochlorophyll to Chl (itself protochlorophyll-mediated) was only half that of the absorption spectrum. But mutants deficient in carotenoids showed no discrepancy between absorption and action spectrum (8).
Although continuous exposure to blue or orange light was required for inhibition in R-insensitive peas (Fig. 2, a and b) , this is still consistent with the hypothesis that protochlorophyll might act as the photoreceptor, since Gassman and Bogorad (5) suggest that extended exposures to orange-red light are required for the later stages in protochlorophyll-mediated chloroplast development. Though inconclusive, the evidence suggests that internode elongation in R-insensitive plants is controlled by protochlorophyll, probably indirectly through the development of the chloroplast and the photosynthetic apparatus.
Sale and Vince (11) found that while short term red light exposures were more effective than blue in inhibiting stem elongation in etiolated pea seedlings, blue was more effective at longer exposure periods. They suggest a second photosystem becomes important with longer exposure times. The response they observed with extended exposure to blue light may have The controlling influence of the blue-orange-absorbing system is itself short-lived. If R-insensitive seedlings are pretreated with white light, the blue-orange system is no longer active in controlling elongation (Table IIIB) ; instead blue-green promotes stem elongation. Since no single quality of light (including red) produced this transition (Table IIIA) , more than one wavelength of light might be required for the effect. This indicates that two photoreceptors may be involved (W-grown state); however, the nature of the photoreceptor(s) that control the transition to the BG-promoted state is in doubt.
The BG-promoted state is unique among the four photosensitive states, since now the primary effect of light is to promote elongation (Table IIIB) . Interestingly, white light alone had little effect suggesting a second pigment is now canceling the effect of the blue-green-absorbing pigment. The nature of the pigment promoting growth in blue-green light is in doubt.
Light controls stem elongation in the W-grown state quite differently than in the other states. Inhibition of internode elongation required the simultaneous exposure to both blue light and light of 600 nm at relatively high intensities (Table  IV) . The only other report of a response to relatively high intensity light at about 600 nm is for 30% inhibition of internode elongation in Avena seedlings; the action spectrum for 10% inhibition indicated phytochrome (7) .
The effect of blue irradiation is more complex. Blue light given alone promotes elongation but given with light of 600 nm, it inhibits. The photoreceptor is probably the same as that observed in the BG-promoted state. Several photomorphogenetic phenomena require both the phytochrome system and the high energy reaction for an observable response (4, 12, 13 
